Puromycin (Pu) aborts protein synthesis by deacylating peptidyl-transfer ribonucleic acid (tRNA) bound at the P site (12) and also causes rapid polysome degradation (15) . Hirashima and Kaji (6-8) have described a terminationlike polysome preparation, described as lacking aminoacyl-tRNA bound to the A site, which can be deacylated by Pu without concomitant ribosomal runoff. Exposure of the complex to Pu releases nascent polypeptide chains but does not result in polysome degradation in the absence of guanosine 5'-triphosphate (GTP), G factor, and a ribosome release (RR) factor. The release of ribosomes is inhibited by fusidic acid (Fu) and by sparsomycin (Sp) but was found to be inhibited by tetracycline (Tc) at concentrations considerably higher than is required for inhibition of binding of aminoacyl-tRNA to ribosomes (8) .
The finding that G factor-mediated GTP hydrolysis appears to be required for the function of RR factor raises the possibility that ribosomes may require movement, possibly to a termination codon, before being released by action of RR factor after deacylation by Pu. The relative inability of Tc to inhibit polysome degradation (8) is puzzling in this respect since Tc should indirectly inhibit translocation by preventing binding of aminoacyl-tRNA to the A site which precedes formation of the peptide bond which in turn precedes translocation (12) .
We shall show that Tc does inhibit polysome degradation, and that this inhibition, unlike that by Fu, requires Mg2+ at concentrations above 8 mM. This Mg2+ requirement can be reduced by addition of spermidine, which cannot be substituted by other polyamines. Below 8 mM Mg2+, Pu-induced polysome degradation, in the absence of added spermidine, is not sensitive to Tc, but is sensitive to Fu and to omission of an energy source or of amino acids.
MATERIALS AND METHODS
Polysomes were prepared from exponentially growing Escherichia coli B cells by the method of Godson and Sinsheimer (3) as modified by Pestka and Hintikka (14) . Polysome configuration was measured at 260 nm by means of a Gilford density scanner (Model 2480), after centrifugation at 107,000 x g through a 10 to 40% sucrose density gradient for 90 min. The sucrose density gradient contained 0.01 M tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.5), 0.01 M magnesium acetate, and 0.05 M KCl. The area under the peaks was measured by means of a Dietzgen planimeter;
Protein synthesis by the polysome preparation was determined by the method described by Pestka and Hintikka (14) . The incubation medium consisted of 572 DIONNE, ROSANO, AND HURWITZ described (10) . Putrescine and spermidine were obtained from Sigma Chemical Co., pyrocatechol violet was obtained from J. T. Baker, and kasugamycin was a gift from Bristol Laboratories. Tetracycline was purchased from Nutritional Biochemical Corp., and fusidic acid was a gift from E. R. Squibb and Sons. Tritiated tetracycline was obtained from New England Nuclear (specific activity 1.39 mCi per mg).
RESULTS
Fu, which does not prevent formation of peptidyl-Pu (20) , inhibits Pu-induced polysome degradation by our polysome preparation ( Table 1 ). The inhibition of ribosome release by Fu is unaffected by concentration of Mg2+ between 2.2 and 10 mM. Omission of energy source from the preparation prevents polysome degradation (Table 2) , as did omission of amino acids (data not shown). We therefore assume that RR factor and G factor, shown by Hirashima and Kaji to be required for release of ribosomes (6, 7) , are present in our polysome preparation.
Pestka and Hintikka (14) have shown that protein synthesis by polysomes has a Mg2+ optimum at about 7 mM. Protein synthesis by our polysome preparation is also optimal at 7 mM Mg2+ (Fig. 1) . Addition of spermidine After incubation, the ribosome distribution was resolved by centrifugation through a 10 to 40% sucrose gradient for 90 min at 107,000 x g. The ribosome peaks were delineated by means of a Gilford density scanner (model 2480), and the area under the peaks was measured with a planimeter (Dietzgen). Puromycin was used at 0.18 mM.
decreases the optimal concentration of Mg2+, in agreement with the well-known Mg2+ sparing effect of this polyamine (2, 18, 19) . Below 10 mM Mg2+, inhibition of protein synthesis by Tc is minimal (Table 3 ). The apparent optimum at 7 mM (Fig. 2 ) reflects the increase in protein synthesis rather than an increase in Tc inhibition, which does not appear to occur below 10 mM Mg2+. Formation of peptidyl-Pu in vitro is optimal at 4 mM Mg2+ and does not require energy (13) . Pu-induced polysome degradation, on the other hand, has no discernible Mg2+ optimum ( Fig. 3 ) and does not occur in the absence of added energy source, even at 2.2 mM Mg2+ ( Table 2) ,ug; New England Nuclear). The reaction was stopped by addition of 10% trichloroacetic acid, and the precipitate was extracted with hot acid. The hot acid-extracted precipitate was washed again with cold 5% acid and solubilized in 1.0 ml of 0.2 NNaOH, and 0.5 ml of the solubilized protein solution was added to 10 ml of aquasol for counting. aThe procedure was the same as described in the legend to Fig. 1 . Tc was used at 0.19 mM and spermidine (Spd) was used at 1 mM. some degradation. Figure 4 illustrates the capacity of spermidine to enable the Tc inhibition of Pu-induced polysome degradation at 2.2 mM Mg2+. This concentration of Mg2+ was chosen because it maximizes the effect of spermidine on the inhibition of protein synthesis by Tc (Fig. 2) . As measured after 2-min incubation, Tc has no effect on polysome degradation unless spermidine is added. The spermidine effect is specific since putrescine and L-(+)-or D-(-)-hydroxyputrescine do not substitute for spermidine.
To determine the effect of Mg2+ and of spermidine on the rate of polysome degradation, we measured the loss of ribosomes after 0, 1, 2, and 3 min of incubation at 37 C. At 2.2 mM Mg2+, Pu-induced polysome degradation is rapid and not significantly affected by Tc (Fig.  5) . Addition of spermidine markedly slows down the rate of polysome degradation and enables a further significant inhibition by Tc.
Since the polysome preparation is capable of protein synthesis and presumably contains the required soluble factors for release of ribosomes, one would expect ribosomal runoff in the absence of Pu, although at a slower rate. Polysome degradation does occur in the absence of Pu, and spermidine also enhances the Tc inhibition of this polysome degradation (Table 4) .
It is conceivable that the decrease in the rate of polysome degradation in the presence of spermidine is only apparent and results from a stimulation of reinitiation of protein synthesis moderated by the endogenous messenger RNA. The data in Table 5 argues otherwise since kasugamycin, which inhibits reinitiation of protein synthesis by a polysome preparation (17) , only slightly increases the rate of Pu-induced polysome degradation in the presence of spermidine. Similar results were obtained with pyrocatechol violet, another inhibitor of initiation of protein synthesis (9) . DISCUSSION Hirashima and Kaji have described a polysome preparation which appears to be capable of serving as a model of the termination seml of the protein synthesizing solution (see Materials and Methods) containing 0.18 mMofPu. The residual ribosome distribution was determined by centrifugation through a buffered 10 to 40% sucrose density gradient for 90 min at 107,000 x g. The ribosome peaks were measured by means of a Gilford density scanner (Model 2480). The area under the peaks was measured with a planimeter (Dietzgen), and the time for complete polysome degradation was estimated from the rate of disappearance of the polysome area. Polysomes were incubated at 37 C in the protein synthesizing medium containing 2.2 mM Mg2+, and the ribosome distribution was measured as described in the footnote to Table 1 . Ribosome distribution (A) at time zero; (B) after 2-min incubation at 37 C; (C) after 2-min incubation with Pu (0.18 mM) plus spermidine; (E) after 2-min incubation with Pu plus Tc (0.17 mM); (F) after 2-min incubation with Pu, spermidine, and Tc. The procedure was the same as described in the footnote to Table 1 except that puromycin was omitted and the incubation was extended to 10 min. Tc was used at 0.19 mM and spermidine was used at 1 mM.
quences of protein synthesis, including recycling of ribosomes (6) (7) (8) . The polysomes, which are freed of soluble factors by passage through Sepharose 4B, retain peptidyl-tRNA bound to the P site and were described as lacking aminoacyl-tRNA bound to the A site. When Pu was added, the peptidyl-tRNA was deacylated, but ribosomes were not released unless GTP, EF-(elongation factor)-G, and another soluble RR factor was added. The two soluble factors involved in release, G and RR, appear to be required in equal molar concentrations (7) . The release of ribosomes is sensitive to Fu (8), which inhibits release of G factor from ribosomes and also prevents binding of aminoacyltRNA to ribosomes (5) . Ribosome release is also sensitive to Sp, which inhibits formation of peptidyl-Pu (12) . We have found that chloramphenicol, which like Sp inhibits formation of peptidyl-Pu (12), also prevents the Pu induced polysome degradation.
It is not clear from the experiments of Hirashima and Kaji whether GTP hydrolysis is required for the function of the RR factor or for some other event, such as translocation, which must precede the release of ribosomes. Tc does not block the GTP hydrolysis mediated by EF-Tu (11), yet it inhibits ribosome release (8) . Fu does inhibit G factor-mediated hydrolysis of free GTP by stabilizing the EF-G-GDP ribosome complex, and also prevents binding of aminoacyl-tRNA to the A site, presumably because the interactions of EF-G and EF-Tu with the ribosome occur at the same or overlapping sites (5) . Both Tc and Fu indirectly prevent translocation by inhibiting binding of aminoacyl-tRNA to the A site and therefore prevent movement of ribosomes along messenger RNA. The sensitivity to Tc of ribosomal runoff is therefore as consistent with a requirement for ribosomal movement as is the sensitivity to Fu. The free GTP requirement for ribosome release suggests that translocation may play a role in ribosome release.
Hirashima and Kaji (6) reported that an A site lacking bound aminoacyl-tRNA is essential, and that runoff of ribosomes from messenger RNA occurs in the absence of appreciable protein synthesis. The absence of aminoacyltRNA from the A site in their preparation is questionable, however, since they have achieved the same results without prior exposure to Tc (7). In our unpurified system, inhibition of binding of aminoacyl-tRNA to the A site by Tc actually prevents ribosomal runoff. Their finding that ribosomal runoff occurs in the absence of protein synthesis, or at least at a very low level of protein synthesis (7) , may be explained by the high possibily nonphysiological levels of RR added to their preparation (7). In our system, RR factor could not be present at higher than physiological concentrations since none was added. It should also be noted that the rate of polysome degradation in our unpurified system is far more rapid than in the system of Hirashima and Kaji.
In sum, our findings are in general agreement with those reported by Hirashima and Kaji (6) (7) (8) (21) have shown that Tc binds to ribosomes by chelation to ribosomal-bound Mg2+. However, the Tc-sensitive release of ribosomes which occurs at concentrations of Mg2+ as low as 2.2 mM in the presence of 1 mM spermidine probably represents more closely the normal physiological Mg2+ requirement in vivo since unbound spermidine is present in E. coli at concentrations between 0.4 and 0.8 mM (C. L. Rosano, unpublished data).
Our data shows that spermidine, but not other polyamines, markedly affects the Mg optimum for Tc inhibition of both protein synthesis and of polysome degradation. Addition of spermidine does not increase binding of Tc to ribosomes (unpublished data). Although Tc inhibition of ribosomal function requires Mg (and presumably spermidine under physiological conditions), it appears that the amount of Tc bound is not quantitatively related to its inhibitory mechanism, at least at the high concentrations of Tc used in our experiments.
